Introduction
Many species of microalgae show several responses to the deterioration caused by environmental stress. In an environment that is not too severe, the most common response is thought to be the decreased rates of cell proliferation and photosynthetic activity. In addition to this response, some algae, such as the unicellular green alga Chlamydomonas reinhardtii, differentiate into gametes and attempt to sexually reproduce under nitrogen starvation in the presence of light (Sager and Granick, 1954) , and the zygotes differentiate into a dormant spore stage called the zygospore or cyst (in the case of dinoflagellates) that can remain viable for long periods under unfavorable conditions (Rengefors et al., 1998) . Many algae accumulate Most microalgae accumulate neutral lipids, including triacylglycerol (TAG), into spherical structures called lipid bodies (LBs) under environmental stress conditions such as nutrient depletion. In green algae, starch accumulation precedes TAG accumulation, and the starch is thought to be a substrate for TAG synthesis. However, the relationship between TAG synthesis and the starch content in red algae, as well as how TAG accumulation is regulated, is unclear. In this study, we cultured the primitive red alga Cyanidioschyzon merolae under nitrogen-depleted conditions, and monitored the formation of starch granules (SGs) and LBs using microscopy. SGs stained with potassium iodide were observed at 24 h; however, LBs stained specifically with BODIPY 493/503 were observed after 48 h. Quantitative analysis of neutral sugar and cytomorphological semi-quantitative analysis of TAG accumulation also supported these results. Thus, the accumulation of starch occurred and preceded the accumulation of TAG in cells of C. merolae. However, TAG accumulation was not accompanied by a decrease in the starch content, suggesting that the starch is a major carbon storage sink, at least under nitrogen-depleted conditions. Quantitative real-time PCR revealed that the mRNA levels of genes involved in starch and TAG synthesis rarely changed during the culture period, suggesting that starch and TAG synthesis in C. merolae are not controlled through gene transcription but at other stages, such as translation and/or enzymatic activity.
high levels of neutral lipids, in the form of triacylglycerol (TAG), as a carbon storage material under stress conditions (Day et al., 2012) . Although it is not clear why algae accumulate TAG under stress conditions, recently this response has gained importance because of the desire to develop microalgae as renewable fuels.
Studies on the accumulation of neutral lipids have advanced in green algae. C. reinhardtii has served as a model organism for TAG production in microalgae because its genome has been sequenced and genetic tools are available (Boyle et al., 2012; Merchant et al., 2007) . C. reinhardtii cells accumulate significant quantities of starch in the chloroplast and neutral lipids in lipid bodies (LBs) during nitrogen deprivation (e.g., Libessart et al., 1995; Wang et al., 2009) . LBs, also referred to as adiposomes, lipid droplets, or oil bodies, are cellular organelles composed of hydrophobic lipid ester (including TAG) and some proteins that are covered with a phospholipid monolayer found in all eukaryotic organisms (Liu et al., 2013; Thiam et al., 2013) . They bud from a bilayer membrane of the endoplasmic reticulum. In addition to storing neutral lipids, LBs provide lipids (such as sterols, fatty acids and phospholipids) for membrane synthesis and maintenance (Thiam et al., 2013) . The excess photosynthetically fixed carbon is mainly stored in the form of starch, and to a much lesser extent as TAG in the wild type of this species under high light and nitrogen-depletion conditions (Li et al., 2010) . Li et al. (2010) also reported that the lipid accumulation in a starch-less mutant of C. reinhardtii was enhanced under stress conditions, suggesting that a shift of the carbon flux from starch to TAG biosynthesis in microalgae species may exist. In Chlorella, another green algal species, trade-offs have been observed between the accumulations of starch and lipids (Fernandes et al., 2013; Mizuno et al., 2013) , and a clear accumulation shift from starch to lipid has been reported (Bellou and Aggelis, 2012; Takeshita et al., 2014) . However, it is not clear whether the same is true in other taxonomic groups of algae. In particular, Rhodophytes have some unique starch storage characteristics. Chlorophyta, as well as land plants, store starch inside the plastid stroma and use ADP-glucose as the precursor for the chain elongation (Ball et al., 1996) . In contrast, red algae mainly synthesize and store starch granules (SGs) outside their plastids in the cytoplasm and use UDP-glucose as the principal precursor. In addition, they use ADP-glucose in the plastids for the synthesis of a small pool of intra-plastid storage glucans (Viola et al., 2001) . SGs from typical red algae consist of highly branched molecular structures known as floridean starch (Meeuse et al., 1960) , which is structurally similar to higher plant starch granules but lacks amylose (Viola et al., 2001) . Despite these differences, it is not clear that red algae show similar responses to those seen in green algae.
Cyanidioschyzon merolae is a unicellular rhodophyte that was originally isolated from a highly acidic (pH 1.5-2.5) hot spring (up to 50∞C) rich in sulfate (Moriyama et al., 2014) . It has a very simple cell structure consisting of a single mitochondrion, plastid and microbody per cell (Matsuzaki et al., 2004) , and has been used as a model organism for cell cycle and organelle division analyses Suzuki et al., 1994; Yoshida et al., 2006) . The 100% complete genome sequences of the nucleus (Matsuzaki et al., 2004; Nozaki et al., 2007) , mitochondrion (Ohta et al., 1998) and plastid (Ohta et al., 2003) of this organism have been determined, making it possible to analyze the cell responses against environmental stimuli or the adaptation mechanisms at a gene level. Recently, studies on the metaboric pathway of lipids and carbohydrates in this organism are progressing (Moriyama et al., 2014; Sato and Moriyama, 2007) . Among the Rhodophyta, C. merolae accumulates semi-amylopectintype starch, while the storage glucans of related species (Galdieria sulphuraria and Cyanidium caldarium) and other primitive red algal species (Porphyridiales) consist of glycogen-type glucans or both semi-amylopectin and amylose-type glucan-containing starches, respectively, rather similar to those in the Florideophycidae (Hirabaru et al., 2010; Shimonaga et al., 2008) . C. merolae also accumulates neutral lipids under nitrogen-depleted conditions, as do other algae; however, there is no report that has focused on starch accumulation during this process.
In this study, we observed the time course of starch and neutral lipid accumulation under nitrogen-depleted conditions, and found that the accumulation of starch precedes the accumulation of neutral lipids in C. merolae. In addition, we examined the possibility that the synthesis of these hydrocarbons is controlled by the expression levels of starch and neutral lipid synthesis-related genes.
Materials and Methods
Culture conditions. Cyanidioschyzon merolae strain 10D was constantly cultured in 2¥ Allen's medium (Allen, 1959 ) at pH 2.2 on a gyratory shaker at 120 rpm under continuous light (30 mmol m -2 s -1 ) at 42∞C. For use in the experiment, 20 ml of the culture was diluted 4 times in fresh 2¥ Allen's medium and grown in test tubes with aeration in a water bath at 42∞C under continuous light (130 mmol photons m -2 s -1 ). After preculturing for 2 days, 20 ml of the culture was washed 2 times with a specific medium that contained nutritious nitrogen (normal 2¥ Allen's medium, +N) or free of nitrogen (20 mM ammonium sulfate of 2¥ Allen's medium was replaced with 20 mM sodium sulfate, -N). Washed cells were then diluted to 80 ml with +N or -N medium and cultured in the same way as the preculture. Microscopy of LBs and SGs. The formation of LBs during nitrogen-depleted conditions was observed using the neutral lipid-and free fatty acid-specific dye borondipyrromethene (BODIPY) 493/503 (Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA). Briefly, 1 ml of the culture was fixed with 0.2% glutaraldehyde, and washed twice with 1¥ PBS. Then, 5 ml of 1 mg/ml BODIPY in 100% ethanol was added to cells in 50 ml of 1¥ PBS, and incubated for 5 min in the dark. Aliquots were dropped on glass slides and observed under a fluorescent microscope (BX53, Olympus, Tokyo, Japan).
SGs were specifically stained with potassium iodide (KI) using the iodine ion-starch reaction. Glutaraldehyde-fixed cells were adjusted to 50 ml with 1¥ PBS and then mixed with 100 ml of 100 mM KI. After 10 min incubation, cells were washed with 1¥ PBS and dropped on opal glass (SIGMA KOKI, Tokyo, Japan), making it possible to observe stained SGs clearly in cells (Mihara et al., 1996) , and observed under a microscope. Quantification of neutral sugars. The quantitative starch content analysis was performed using the phenol-sulfuric acid method originally described by Dubois et al. (1956) . This method is well suited to identify neutral sugars in polysaccharides, including glycogen and starch, but detects virtually all classes of carbohydrates. Cell pellets of 1-2 ml of culture were treated with 10% SDS and washed with 50∞C warmed 80% ethanol. The resulting starch pellet was solubilized by boiling for 15 min in 75 ml of distilled water. After cooling to room temperature, 125 ml of 60% perchloric acid was added and vortexed for 15 min. Then, 300 ml of distilled water was added and centrifuged at 20,000 ¥ g for 15 min. Then, 200 ml of sample was mixed with 200 ml of 5% aqueous phenol solution in a test tube. Subsequently, 1 ml of concentrated sulfuric acid was added rapidly to the mixture which was incubated for 10 min at room temperature, followed by 20 min at 40∞C for color development. The absorption value at 490 nm was then measured using a spectrophotometer. Glucose was used to produce the standard curve. Semi-quantification of the TAG content. The TAG content was determined using the fluorescence of BODIPY493/503 in fixed cells essentially as described in Bozaquel-Morais et al. (2010) . Briefly, 1 ml of cell culture was fixed with 0.1% glutaraldehyde, and washed and concentrated to 50 ml by centrifugation. Then, 5 to 20 ml of fixed cell suspension was added to 200 ml of the buffer containing 5 mM BODIPY493/503 and 500 mM KI, which is a quencher of BODIPY493/503 fluorescence outside of the cell, in a 96-well plate. The fluorescence was detected using Typhoon FLA 9500 (GE Healthcare, Buckinghamshire, England, UK) with a detection method for Cy2 (473-nm laser with LPB filter), PMT 400. Images were analyzed using ImageQuant TL software (GE Healthcare). The data quality was analyzed by evaluating the linearity of meas- urements compared with cell volume. From this curve, the relative fluorescence per number of cells was determined when the R-squared value was >0.9.
Quantitative real-time PCR (qRT-PCR)
. RNA extraction and reverse transcription were performed using an illustra TM RNAspin mini isolation kit (GE Healthcare) and PrimeScript RT Master mix (Takara Bio, Ohtsu, Japan). qRT-PCR was performed using SYBR Green Real-time PCR Master Mix (Toyobo, Osaka, Japan) and a 7500 Fast Real-Time PCR system (ABI/Thermo Fisher Scientific Inc. Waltham, MA, USA), following the manufacturer's instructions. The quantitative estimations were calculated by 7500 Fast System software using the DDCt (cycle threshold) method.
Results and Discussion

LBs and SGs visualized in cells under nitrogen-depleted conditions
Nitrogen deficiency causes the inhibition of cell proliferation in many species. In C. merolae, the removal of nitrogen from the culture medium resulted in the culture's color change from light green to yellowish green (Fig. 1A) , indicating a reduction in photosynthetic pigments and a decline in cell proliferation, as seen in other microalgal species. In fact, although the number of cells in the nitrogen-depleted culture had doubled at 48 h, it did not increase further, indicating that cell proliferation was inhibited (Fig. 1B) . Chloroplasts in cells under nitrogen depletion became smaller, and, consequently, the volume of cytoplasm became larger (Fig. 2) .
Next, we confirmed the effects of nitrogen depletion, which were reported to lead to the formation of LBs, spherical structures rich in TAG. LBs can be visualized by microscopy after preferential staining with fluorescent dyes, such as Nile Red or BODIPY, but the latter is thought to be more specific to LBs (Gocze and Freeman, 1994) . Some BODIPY dyes also have an advantage over Nile Red in that they can be observed more easily, especially in algae and plants, because their fluorescence color is not masked by red chlorophyll autofluorescence (Kuroiwa et al., 2012) . Therefore, we used BODIPY493/503 to visualize LBs in cells during nitrogen depletion (Fig. 2) . At the culture's initiation, LBs (green, spherical structures) were rarely observed in cells (Fig. 2, 0 h ). Under nitrogen-supplied conditions, there was no clear change during the culture period (Fig. 2, +N 6-120 h) . Although LBs were not observed before 24 h under nitrogen depletion (Fig. 2, -N 6-24 h) , a remarkable increase in the number of LBs (0.2-0.4 mm in diameter) were observed in almost all cells after 48 h of culturing (Fig. 2, -N 48-120 h) .
Using the same experimental system, we discerned whether the accumulation of starch occurred in cells of C. merolae. Normally, starch can be stained with iodide; however, the stained granules were difficult to observe because of the low contrast when using KI and a normal microscope (data not shown). To overcome this problem, we employed opal grass, a milk-white, optical glass device that forcibly scatters straight light and reduces the distortion of light caused by the differences in the refractive indices between the dyed and transparent areas, making it possible to obtain a sharper image (Mihara et al., 1996) . Using the KI-staining opal glass method, multiple SGs stained dark brown were observed in the peripheral part of the cytoplasm in nitrogen-depleted cells after 24 h of culturing (Fig. 2, -N 24 h ). These SGs were maintained through the late culturing period (120 h). These results showed that the alga C. merolae accumulates not only TAG, but also starch in its cytoplasm under nitrogen-depleted conditions. SGs were observed before LB formation, and the starch did not appear to degrade during LB formation.
Neutral lipid and sugar contents during culturing
To determine the time course and the accumulation of TAG and starch more quantitatively, we measured the TAG and starch contents in cells during the culture period. The quantification of the starch content was performed using the phenol-sulfuric acid method, which detects neutral sugars. Neutral sugar levels did not change under nitrogen-supplied conditions, but rapidly increased from 12 h to 72 h under nitrogen-depleted conditions (Fig. 3A) . The maximum level was approximately 10-fold higher than that of 0 h, and this was maintained to the end of the culture period.
For the quantification of TAG, we chose fluorescence determination, a simple and rapid method for measuring particular substances without extractions. In algae, fluorescence determination of TAG in cells was reported us- ing Nile Red in 96-well plates (Storms et al., 2014) ; however, Nile Red undergoes a fluorescence wavelength change with solvent addition and can be masked by chlorophyll fluorescence. Therefore, we used BODIPY493/503 to evaluate the TAG content using fluorescence microscopy. According to Bozaquel-Morais et al. (2010) , a hydrophilic quencher, such as KI, permits BODIPY to fluoresce only when localized inside LBs and not when present in solution. We found that KI could also prevent the absorption of excited light by photosynthetic pigments. The fluorescence intensity of cells under nitrogen-supplied conditions did not change throughout the culture period as expected (Fig. 3B) . However, the fluorescence intensity of cells had significantly increased by 72 h after the onset of nitrogen depletion, with a maximum level 9.5 times greater than that at the culture's initiation (Fig. 3B) . The starch content increased from 12 h (Fig. 3A) , indicating that the starch was synthesized prior to TAG as a storage carbon source, but it did not decrease during TAG synthesis. These results were mostly consistent with the behavior of LBs and SGs observed under the microscope (Fig. 2) .
There have been reports showing that red algae accumulate sugar under nitrogen-depleted conditions (Macler, 1986; Razaghi et al., 2014) ; however, they were not focused on the relationship to TAG accumulation. We showed that the primitive red alga C. merolae accumulates not only TAG but also starch under nitrogen-depleted conditions. Starch accumulation occurred prior to TAG accumulation in C. merolae, similar to green algae. Bellou Changes in transcript levels of each gene were quantified by RT-qPCR. Genes examined were as follows: acetyl-CoA carboxylase (ACC, CMS299C), diglyceride acyltransferase (DGAT, CMJ162C), UTP-glucose-1-phosphate uridyltransferase (CMS159C), glycogenin (CMK020C), 1,4-alpha-glucan branching enzyme (CMH144C), glycogen phosphorylase (CMD184C), isoamylase (CMI294C), beta-amylase (CMJ087C) and ammonium transporter gene (AMT, CMT526C).
Values are the means and standard deviations of three independent experiments.
and Aggelis (2012) proposed that microalgae are able to convert storage sugar to lipid. In Chlorella, there is a tradeoff between the quantities of starch and TAG, and some reports showed that starch accumulates transiently and decreases thereafter (Mizuno et al., 2013; Takeshita et al., 2014) , suggesting that the carbon storage starch was used for TAG synthesis. In C. merolae, however, the starch content in cells was maintained while the TAG level increased, at least under our experimental conditions (Fig.  3B) . This result suggests that 1) the carbon used in TAG synthesis is derived from starch degradation, but the production of starch exceeds the amount degraded and/or 2) the carbon used in TAG synthesis is not derived from starch but from recycling of another carbon-containing component, such as amino acids or membrane lipids, in C. merolae under nitrogen depletion.
mRNA levels of key enzymes involved in starch and TAG synthesis For energy production, it is important to understand how the algal cells regulate carbon partitioning between carbon storage compounds. Although the origins of the carbons in TAG are thought to be from various synthetic pathways (recycled from chloroplast proteins/membrane lipids, as well as de novo fixed from photosynthesis) under nitrogen-depleted conditions (Yoon et al., 2012) , if they are derived from starch, the degradation of starch must be accompanied by increasing amounts of TAG. Therefore, the origin of the carbon in TAG under nitrogen depletion in C. merolae was confirmed using qRT-PCR to measure the expression of specific enzymes, including those involved in the rate-determining steps at each stage of starch synthesis and degradation, as well as TAG synthesis. The target genes were UTP-glucose-1-phosphate uridyltransferase, glycogenin and 1,4-alpha-glucan branching enzyme for starch synthesis, glycogen phosphorylase, isoamylase and beta-amylase for starch degradation, and acetyl-CoA carboxylase (ACC) and diglyceride acyltransferase (DGAT) for TAG synthesis.
None of the gene expression levels changed under nitrogen-supplied, or nitrogen-depleted, conditions during the culture period, while the expression of ammonium transporter (AMT), which was reported to be induced by nitrogen deficiency, was increased (Fig. 4) , and there was no correlation between expression levels and time course for TAG accumulation (Fig. 3B) . Therefore, we could not confirm the carbon flow from starch to TAG under nitrogen depletion in C. merolae. In C. merolae, R2R3-type MYB transcription factor, CmMYB1, is a central regulator of nitrogen assimilation and enhances the expression of key nitrogen assimilation genes, such as nitrate reductase (NAR) ferredoxin-dependent nitrite reductase (NiR), and AMT under nitrogen-depleted conditions (Imamura et al., 2009) . However, it is not plausible that CmMYB1 itself also controls the switching of expression of key enzymes involved in starch and TAG synthesis because CmMYB1 and its responsive genes express in only a few hours after nitrogen starvation treatment (Imamura et al., 2009) . Further studies are needed in order to show the main constituent of the regulator in this field. Our results suggest that the regulation of gene expression levels contributes little to starch synthesis and degradation or TAG synthesis. In Chlamydomonas, most of the TAG accumulation occurred under nitrogen depletion without de novo protein synthesis (Fan et al., 2012) . If the same is true in C. merolae, these enzymes themselves are constantly present, and are considered to be activated under required conditions.
In this study, we revealed that the accumulation of starch occurs and precedes the accumulation of neutral lipids in C. merolae under nitrogen-depleted conditions. The accumulation of starch in C. merolae corroborated a report that suggests that starch is the main excess carbon sink in red algae (Viola et al., 2001) , and it is thought that starch is a greater storage carbon sink than TAG, at least under nitrogen depletion. If starch is the main carbon storage sink, then elucidating the control mechanisms and improving the conversion efficiency from starch to TAG will be important to microalgae-based energy production.
